In this study, iron zero-valent nanoparticles were synthesized, characterized and studied for removal of methylene blue dye in water solution. The reactions were mathematically described as the function of parameters such as nano zero-valent iron (NZVI) dose, pH, contact time and initial dye concentration, and were modeled by the use of response surface methodology. These experiments were carried out as a central composite design consisting of 30 experiments determined by the 2 4 full factorial designs with eight axial points and six center points. The results revealed that the optimal conditions for dye removal were NZVI dose 0.1-0.9 g/L, pH 3-11, contact time 20-100 s, and initial dye concentration 10-50 mg/L, respectively. Under these optimal values of process parameters, the dye removal efficiency of 92.87% was observed, which very close to the experimental value (92.21%) in batch experiment. In the optimization, R 2 and R 2 adj correlation coefficients for the model were evaluated as 0.96 and 0.93, respectively.
INTRODUCTION
Industries such as textile, leather, paper, and plastics are some of the sources for dye effluents. The released dye in water streams represents a risk of ecotoxicity and a potential danger of bioaccumulation (Alzaydien ) . Methylene blue (MB) was chosen as a model dye because of its wellknown adsorption characteristics. It can have various harmful effects, e.g. high concentration of solid dye in contact with the eye has been known to have caused corneal and conjunctival injury in human beings. In adults, a week after excessive doses of MB, abdominal and chest pain, dizziness, headache, profuse sweating and mental confusion have occurred. MB may also result in hemolytic anemia, hyperbilirubinemia, and acute renal failure (Dizge et al. ) . In general, a range of conventional treatment technologies for dye removal have been investigated extensively, such as biological treatment, adsorption, chemical oxidation, coagulation, and reverse osmosis (Tan et al. ) . In recent years, attention has been focused on nano zero-valent iron (NZVI) for its effectiveness in treating halogenated hydrocarbons, hexavalent chromium and other metal species in water. The particles' small size gives rise to an increased surface area, greater remediation capacity, and favorable field injection and transport properties for in situ remediation (Li & Zhang ) . Production of iron nanoparticles was improved by several synthetic methods. NZVI particles were synthesized under anaerobic conditions for decolorization of various azo dyes that resulted in the cleavage of azo link in the dye molecule (Cao et al. ) . Removal of methyl orange using NZVI suggested that the main roles played by NZVI particles in the decolorization process were adsorption reduction and catalysis (Fan et al. ) . Crocein orange G decolorization was investigated by NZVI under anaerobic conditions (Nam & Tratnyek ) . The advantages of the NZVI decolorization process include the ease in use as a pre-treatment process, easy recycling of the spent iron powder by magnetism as well as low iron concentration remaining and no necessity for further treatment of the effluents. Based on these characteristics, the NZVI technology could become a promising approach for treating dyestuff wastewater (Pirillo et al. ) . Amongst the numerous techniques of dye removal, adsorption is the procedure of choice and gives the best results as it can be used to remove different types of coloring materials. The liquid-solid interface adsorption process is mainly influenced by the initial concentration of the adsorbate, initial pH of the solution, adsorbent dose, contact time, operating temperature and the agitation speed. Optimization of the process conditions is essentially required to maximize the adsorption and hence the removal efficiency of the adsorbent. In the conventional methods used to determine the influence of operational parameters, experiments are carried out varying systematically the studied parameter and keeping constant the others (Kousha et al. ) . This should be repeated for all the influencing parameters, resulting in an unreliable number of experiments. Response surface methodology (RSM) is an effective tool for optimizing the process when a combination of several independent variables and their interactions affect desired responses. With RSM, several variables are tested simultaneously with a minimum number of trials according to special experimental designs based on factorial designs. This methodology has the advantage of being less expensive and time consuming than the classical methods. In this study, NZVI as an effective choice was investigated for its efficiency to remove MB dye from aqueous solution, and its chemical structure is shown in Figure 1 . The interaction between the parameters such as initial concentration of the dye, solution pH, NZVI dose and contact time was studied and optimized using RSM (Asgher & Bhatti ) .
EXPERIMENTAL Materials
All reagents and chemicals used in the study were analytical reagents grade. Sodium borohydride (NaBH 4 ) and ferric chloride (FeCl 3 .6H 2 O) were purchased from Merck. MB (C 16 H 18 N 3 SCl, C.I. 52015) was produced from Alvan Sabet Co. and was used without further purification. The stock solutions of the dye were prepared by dissolving the desired amount of dye in double distilled water. The pH of the test solution was adjusted using reagent-grade dilute hydrochloric acid and sodium hydroxide.
Preparation of NZVI particles
NZVI particles were prepared by liquid phase reduction method. All solvents were degassed and saturated for 30 min with N 2 before use. NZVI was synthesized by adding 1 M aqueous NaBH 4 solution into 0.5 M FeCl 3 solution during vigorous stirring under N 2 atmosphere. The mixture's color turned from red brown to light yellow and then eventually to black. At the same time the mixture gradually produced more black grain particles in the three-neck flask. Ferric iron (Fe 3þ ) was reduced to elemental iron according to the following reaction:
Then black NZVI particles were vacuum-filtered and washed with deionized water and 1:1 (v/v) ethanol/acetone. Doing so prevented the NZVI from oxidizing, and then the resulting gray-black solid was dried under nitrogen atmosphere before use (Frost et al. ) .
Experimental design and data analysis
RSM, an experimental strategy for seeking the optimum conditions for a multivariable system, is a useful technique for developing, improving and optimizing processes. The application of RSM is to determine the optimum operational conditions for the systems or to determine a region that satisfies the operating specifications (Garg et al. ) . The main advantage of RSM is the reduced number of experimental trials needed to evaluate multiple parameters and their interactions. Its great applications have been in situations where a large number of variables are influencing the system feature. This feature is termed as the response and is normally measured on a continuous scale, which represents the most important function of the systems (Gopinath et al. ) . In this study, a standard RSM design called central composite design (CCD) was employed for determining the optimum condition for the dye removal by NZVI. This method is suitable for fitting a quadratic surface and it helps to optimize the effective parameters with a minimum number of experiments, as well as to analyze the interaction between the parameters. In order to evaluate the influence of operating parameters on the removal efficiency of MB, four main factors were chosen: NZVI dose (g/L) (X 1 ), pH (X 2 ), contact time (s) (X 3 ) and initial dye concentration (mg/L) (X 4 ). A total of 30 experiments were employed in this work, including 2 4 ¼ 16 cube points, 6 replications at the center point and 8 axial points (Kavitha & Namasivayam ) . The coded values of each factor level were obtained by Equation (2), and Equation (3) shows the second-order polynomial regression model used:
where for Equation (3), x i is the coded value for each factor, X i is the real value for each factor, X 0 is the real value for each factor at the central point, and ΔX i is the difference between the levels of each factor. The actual values of process variables and their variation limits were selected based on the values obtained in preliminary experiments and coded as shown in Table 1 . For Equation (3), β 0 , β i , β ii and β ij are the regression coefficients (β 0 is the constant term, β i is the linear term, β ii is the quadratic effect term, and β ij is the interaction effect term), and Y is the response value predicted by the model (Korbahti & Rauf ) . The statistical significance was evaluated by analysis of variance (ANOVA) and also by the determination coefficient (R 2 ) to find out the goodness of fit of the model. The Design-Expert software (version 8.0.7.1) was used to study all the parameters and experiment data (Cho & Zoh ) .
Analytical methods
Batch experiments were performed to study the effect of various operating variables on the dye removal percent. All the experiments were conducted according to the CCD matrix at random, to avoid the possibility of any systematic errors in measurements. Minimum and maximum levels of each of the four process variables were defined through pre-trial experiments. Removal of MB by NZVI was carried out by batch method and the influence of contact time (20-100 s), catalyst dosage (0.1-0.9 g/L), pH (3-11), initial dye concentration (10, 20, 30, 40 and 50 mg/L) were studied. The experiments were conducted by mixing various amounts of NZVI in glass Erlenmeyer flasks containing 50 mL of dye solution of known concentration. The pH of the solution was adjusted to the desired value by adding small amounts of HCl or NaOH (0.1 M). At the end of the determined time intervals, the samples were taken out and the supernatant solution was separated from the NZVI by centrifugation at 3,500 rpm for 20 min. After that, the concentration of dye was measured based on absorbance at 665 nm using a UV-visible spectrophotometer (CARY-300, BioTech). The removal efficiency of dye is defined as follows:
where C 0 ¼ initial concentration of dye (mg/L) and C t ¼ concentration of dye at reaction time (t) (mg/L).
All batch experiments were performed in duplicate and the mean of the two are taken for all calculations. The experimental conditions and the corresponding dye removal (%) measured through the batch experiments are presented in Table 2 . 
Contact time s X 3 20 40 60 80 100
Initial conc. of dye mg/L X 4 10 20 30 40 50 
3 Center (n c ) 6 0 0 0 0 8 9 -93
RESULTS AND DISCUSSION
Characterization of the synthesized NZVI particles
The surface morphology of NZVI was observed with transmission electron microscopy (TEM, JEM-2100F HR, 200 kV). Figure 2(a) shows the TEM image of freshly synthesized iron nanoparticles. Figure 2(b) shows that the NZVI surface is covered with MB molecules. The Brunauer-Emmett-Teller surface area analysis indicated that the average specific surface of the synthesized NZVI was 35 m 2 /g. The TEM image shows that the most of the NZVI particles were less than 100 nm in diameter. The synthesized nanoparticles had a uniform shape and the powdery particles had a spherical morphology. The chainlike structures may have resulted from both the effects of static magnetism and surface tension. Several large-sized particles may have come from agglomeration of nanoparticles due to their magnetic properties. The X-ray diffraction (XRD) pattern of NZVI (Figure 2(c) ) was acquired by using a Siemens X-ray diffraction D5000, with Cu Kα radiation. The accelerating voltage of 40 kV and emission current of 25 mA were used. The continuously scanning rate with 3 W per minute of set time was used to record the XRD pattern of Fe W nanoparticles. The peak at 2θ ¼ 44.75 W represented the characteristic peak of NZVI.
Fitting of the quadratic model
In using the RSM approach, batch runs were conducted in CCD model designed experiments to visualize the effects of independent factors on the response and the results along with the experimental conditions. Polynomial regression modeling was performed between the response variable and the corresponding coded values (X 1 , X 2 , X 3 , X 4 ) of the four different process variables, and finally, the best fitted model equation was obtained in the form of following equation:
Y ¼ 91:00 þ 2:29X 1 þ 1:46X 2 þ 0:96X 3 À 0:46X 4 À 0:56X 1 X 2 þ 1:56X 1 X 3 À 1:94X 1 X 4 À 0:69X 2 X 3 þ 3:31X 2 X 4 À 0:56X 3 X 4 À 5:82X 2 1 À 9:07X 2 2 À 0:2X 2 3 À 5:07X 2 4 (5)
In Equation (5), Y is the removal efficiency percent; X 1 , X 2 , X 3 , and X 4 correspond to independent variables of NZVI dose (g/L), pH, contact time (s), and initial dye concentration (mg/L), respectively. The maximum removal efficiency of dye by NZVI particles was observed to be 97.5%. The quality of the model developed was evaluated based on the R 2 value. The R 2 value for Equation (5) was 0.96, which is relatively high (close to unity). This implied that 96% of the variations for the removal efficiency of MB are explained by the independent variables and only 4% of the total variability in the response was not explained by the model (Shafeeyan et al. ) . The high R 2 value indicated that the model obtained was able to give a convincingly good estimate of response in the studied range. ANOVA results of this model presented in Table 3 indicate that it can be used to navigate the design space.
In Table 3 , the model F-value of 32.73 implies the model is significant for MB removal and there is only a 0.01% chance that a model F-value this large could occur due to noise. In the MB removal model, the adequate precision ratio of 19.96 indicates an adequate signal where it measures the signal to noise ratio; a ratio greater than four is desirable.
For Equation (5) lack-of-fit F-value 4.60 implied that the developed model of removal efficiency of MB was insignificant. The non-significant lack of fit indicates good predictability of the model. There was a 5.30% chance that a lack-of-fit F-value could occur due to noise. The P-values less than 0.05 indicate that model terms are significant, whereas the values greater than 0.1000 are usually considered as non-significant. Table 3 shows the results of this model when applied to contact time and initial concentration. The terms are significant according to P-values (Ravikumar et al. ) .
The actual and predicted MB removal percentages are shown in Figure 3 . Actual values are the measured response data for a particular run, and the predicted values from the model are generated by using the approximate functions.
In Figure 3 , the values of R 2 and R 2 adj were found to be 0.96 and 0.93, respectively. From this figure, it is noted that the values calculated using the predictive second-order model were in good agreement with the experimental values, with satisfactory correlation between these values. Thus, the model developed is suitable for predicting the removal efficiency of MB in the conditions investigated. The fair correlation coefficients might have resulted from the insignificant terms in Table 3 , and are most likely due to four different variables selected in wide ranges with a limited number of experiments as well as the nonlinear influence of the investigated parameters on process response (Oliveria et al. ) .
Three-dimensional response surface plots
The three-dimensional (3D) response surface plots of the dependent variable as a function of two independent variables, maintaining all other variables at fixed levels, can provide information on their relationships and can be helpful in understanding both the main and the interaction effects of these two independent variables. Therefore, in order to gain better understanding of the effects of the independent variables and their interactions on the dependent variable, 3D response surface plots for the measured responses were constructed based on the quadratic model. The influence of the four different process variables on the response factor (removal %) are visualized in the 3D response surface plots (Figures 4-9) . MB (X 4 ¼ 30 mg/L). It is evident from the figure that pH has a profound effect on removal of MB. The adsorption of MB increased with an increase in pH. The optimum pH for the adsorption of MB was found to be in the range 8-10. The variation in the dye adsorption with respect to the initial pH can be explained on the basis of the point of zero charge (pH PZC ) on NZVI. For NZVI, pH PZC is estimated to be as 7.6. At pH lower than pH PZC the NZVI surface acquires positive charge and dye molecules also become positively charged. Due to this there is electrostatic repulsion between dye molecules and NZVI that causes decrease in dye adsorption but, when the solution pH is over pH PZC , the oxide surface gets the negative charge and can make a complex with cationic compounds. So, according to these considerations, the alkaline conditions are more ideal for MB decolorization, because MB dye is a cationic and basic dye (Ravikumar et al. ) . A maximum dye removal (76.5%) was observed at NZVI dose 0.6 g/L and pH 9.5. Figure 5 shows the interactive influence of NZVI dose and contact time on the dye removal from aqueous phase. It is evident that, with the increase in the NZVI dose with passing of time, firstly the removal efficiency increased and then decreased. The observed trend may be understood by the fact that the dosage of NZVI increased the number of adsorption sites available to accelerate the initial reaction, resulting in more NZVI surface collision with more MB molecule to enhance MB degradation. After taking longer time the dye adsorbed amount became almost constant as the available adsorption sites were occupied by dye molecules. This is also due to the fact that the formation of a mono-layer over the adsorbent surface occurs at lower concentration. Further formation of the layer is highly obstructed at higher concentration due to the interaction between the dye on the surface and in the solution. At NZVI dose 0.5 g/L and contact time 60 s, a maximum dye removal of 82.5% was determined (Saha ).
Effect of pH and NZVI dose

Effect of NZVI dose and contact time
Effect of NZVI dose and initial dye concentration
The combined effect of NZVI dose and initial dye concentration on dye removal is shown in Figure 6 . It may be noted that the dye removal increased with increasing NZVI dose and decreasing dye concentration. This is because, with increase in initial dye concentration, adsorption sites and surface area of the NZVI become saturated, resulting in decrease in the adsorption efficiency. At NZVI dose 0.5 g/L and dye concentration 30 mg/L, a maximum dye removal of 82% was determined.
Effect of pH and contact time
The plot for combined effect of pH and contact time ( Figure 7) shows that dye removal increased with pH and increasing contact time with in their respective experimental range. At higher pH, the dye removal increases with increasing contact time. The pH dependence of dye adsorption on the adsorbent surface may be explained in terms of the solution pH and pH PZC of the adsorbent. At solution pH < pH PZC , a relatively lower number of negatively charged sites on the adsorbent surface do not favor the adsorption of cationic dyes due to the electrostatic repulsion, whereas at pH > pH PZC , a relatively higher number of negatively charged sites on the adsorbent surface enhances the sorption of dye (Onal et al. ) . At pH 9.5 and contact time 80 s, a maximum dye removal of 82% was determined.
Effect of initial dye concentration and contact time
The interactive effect of initial dye concentration and contact time on dye removal is shown in Figure 8 . The efficiency of removal firstly increased and then decreased as the dye initial concentration increases and that is because in low dye concentrations, the ratio of surface active sites to the total molecules is high and so all molecules stick to the NZVI surface and then are removed from the solution. However, there are not enough spaces for all molecules in high concentration of dye. Similar trends were observed for adsorption of MB onto rice husk (Vadivelan & Kumar ) , palm kernel shell activated carbon (Jumasiah et al. ) and wheat shells (Bulut & Aydin ) . A maximum dye removal (87%) was determined at dye concentration 30 mg/L and contact time 60 s.
Effect of pH and initial dye concentration
The plot for combined effect of the solution pH and dye concentration ( Figure 9 ) suggests that increasing dye concentration results in a decreasing removal of the dye, whereas it increases with increasing the pH value. The increasing trend in dye uptake with increasing pH may be attributed to the positive charges on the dye molecules in the acidic medium, and the trend reverses where the dye adsorption decreases with increasing concentration. This behavior can be understood by the fact that as the increasing adsorbate concentration with fixed NZVI dose would result in saturation of the binding sites on the surface and subsequently decline of the adsorbate uptake with increasing concentration. Similar trends were observed for the adsorption of MB onto Fe(II)/Cr(III) hydroxide (Namasivayam & Sumithra ), malachite green onto agroindustry waste (Garg et al. ) and MB onto various carbons (Kannan & Sundaram ) . A maximum dye removal (81%) was determined at pH 9.5 and dye concentration 30 mg/L (Chatterjee et al. ).
Model validation and optimization of dye removal
In order to confirm the validity of the predicted model and optimize the variables, 10 solutions for the optimum conditions were generated by the design of experiments software according to the order of suitability (Bezerra et al. ) . The first five solutions for the optimum conditions were chosen as shown in Table 4 . The experimental values obtained for removal efficiency of MB dye were found to be within 4% accuracy to those predicted values using Equation (5). Optimization of the process variables was performed using the quadratic model within the studied experimental range of various process variables to obtain the highest possible removal efficiency of MB dye by using NZVI dose. The process of optimization modeling suggested the optimum values of different process variables (viz. NZVI dose 0.5 g/L, pH 9.5, contact time 60 s, and initial dye concentration 30 mg/L) to achieve the maximum removal (92.87%) of the MB dye from the aqueous solution.
The corresponding experimental value of the dye adsorption was determined as 92.21%, which is very close to the optimum value predicted by the model. The experimental value obtained was in good agreement with the value predicted from the quadratic model. This result confirmed that the RSM was an effective and reliable method for optimizing the removal of MB dye.
CONCLUSIONS
The present study aimed to develop and determine the application of NZVI particles for removal of dye. The NZVI particles appeared to be effective material for removal of MB dye in aqueous solution. The RSM based on CCD combining was used to determine the effect of four different process variables, viz. NZVI dose, pH, contact time, and initial dye concentration, on the dye removal efficiency of the NZVI particles in aqueous solution. Relative effects of interaction between process variables were successfully analyzed. The optimized variables for the removal efficiency of MB dye determined in this study were found at NZVI dose 0.5 g/L, pH 9.5, contact time 60 s, and initial dye concentration 30 mg/L to achieve the maximum removal (92.87%) of the MB dye from the aqueous solution. The corresponding experimental value of the dye adsorption was determined as 92.21%, which is very close to the optimum value predicted by the model. The experimental design and RSM approach successfully determined the removal efficiency of the NZVI particles for MB dye in aqueous solution and optimization of process variables for maximum dye removal. 
